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Abstract
Stomata, ﬂanked by pairs of guard cells, are small pores on the leaf surfaces of plants and they function to control
gas exchange between plants and the atmosphere. Stomata will open when water is available to allow for the uptake
of carbon dioxide for photosynthesis. During periods of drought, stomata will close to reduce desiccation stress. As
such, optimal functioning of stomata will impact on water use efﬁciency by plants. The development of an inducible,
modular system for robust and targeted gene expression in stomatal guard cells is reported here. It is shown that
application of ethanol vapour to activate the gene expression system did not affect the ability of stomata to respond
to ABA in bioassays to determine the promotion of stomatal closure and the inhibition of stomatal opening. The
system that has been developed allows for robust spatio-temporal control of gene expression in all cells of the
stomatal lineage, thereby enabling molecular engineering of stomatal function as well as studies on stomatal
development.
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Introduction
Stomata are ‘breathing’ pores or ‘gatekeepers’ on the
surfaces of leaves that provide for atmospheric continuity
between the plant and the atmosphere. About 5% of the
total leaf surface area can be attributed to stomatal pores
and it is through these pores that water vapour is lost from
the leaves and carbon dioxide is gained from the environ-
ment (Hetherington and Woodward, 2003). The ability to
control water loss through stomata and an impervious leaf
cuticle marks a key evolutionary phase in the colonization
of land by plants about 400 million years ago (Hetherington
and Woodward, 2003). The primary role of stomata is to
enable the plant to optimize the gain of carbon dioxide for
photosynthesis, and at the same time, minimizing the loss of
water during transpiration under changing environmental
conditions. Stomata do this by regulating changes in the
turgor of the pair of ﬂanking guard cells through modiﬁca-
tion of ionic ﬂuxes, accumulation of sugars, remodelling
of cytoskeletal organization, membrane trafﬁcking, and
changes in gene expression (Hetherington, 2001; Schroeder
et al., 2001; Hetherington and Woodward, 2003; Fan et al.,
2004; Roelfsema and Hedrich, 2005). Because of the
fundamental importance of stomata to plant physiology
and survival, the control of stomatal pore sizes necessitates
the robust co-ordination of multiple cellular processes to
bring about changes in guard cell turgor (Hetherington,
2001; Schroeder et al., 2001; Hetherington and Woodward,
2003; Fan et al., 2004; Roelfsema and Hedrich, 2005).
It is becoming increasingly clear that stomatal guard cells
employ a diverse array of signalling intermediates to bring
about the co-ordinated control of turgor, and hence
stomatal pore sizes (Hetherington, 2001; Schroeder et al.,
2001; Hetherington and Woodward, 2003; Fan et al., 2004;
Roelfsema and Hedrich, 2005). Recent work suggests that
the architectural organization of the complex signalling
system in stomatal guard cells may take the form of
a network comprising modules and hubs, reminiscent of
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et al., 2006). Such a system would confer the necessary
redundancy and robustness to the signalling system present
in stomatal guard cells, given their fundamental importance
as ‘gatekeepers’ for atmospheric continuity between the
plant and the environment. The complexity of the guard
cell signalling system makes it a challenging prospect for
dissecting its organization. Current understanding of the
stomatal guard cell signalling system can largely be attrib-
uted to the detailed analysis of mutants harbouring genetic
lesions that affected stomatal behaviour (Hetherington,
2001; Schroeder et al., 2001; Hetherington and Woodward,
2003; Fan et al., 2004; Roelfsema and Hedrich, 2005).
However, it is noteworthy that these mutants often exhibit
pleiotropic effects throughout the plant. In order to dissect
the organization of the guard cell signalling system, tools
are needed for the spatio-temporal regulation of gene
expression, i.e. inducible and targeted expression only in
stomatal guard cells.
Several promoters have been cloned that confer guard
cell-speciﬁc gene expression or enhanced gene expression
in guard cells and these include the KAT1 promoter
(Nakamura et al., 1995), the pGC1 promoter (Yang et al.,
2008), and the gcPEPC promoter (Kopka et al., 1997).
These promoters are useful for the spatial regulation of
gene expression in stomatal guard cells. However, these
promoters do not allow for temporal regulation of gene
expression. There are several chemical-inducible systems
available for temporal regulation of gene expression in
plants and these include the use of inducers like tetracycline,
dexamethasone, 17-b-oestradiol, and ethanol (Moore et al.,
2006). In order to achieve spatio-temporal control of gene
expression in stomatal guard cells, a system was developed
that incorporates the use of a guard cell-speciﬁc promoter
(gcPEPC) (Kopka et al., 1997) and the ethanol-inducible
gene switch (AlcR/alcA) (Caddick et al., 1998) in a modular
system (pSATn/pPZP-RCS2) (Chung et al., 2005; Tzﬁra
et al., 2005) that will enable the expression of multiple genes
from a single binary plasmid.
Materials and methods
Plant growth
Arabidopsis thaliana Col-0 plants were grown in a con-
trolled atmosphere room under the following conditions:
8/16 h and 22/18  C light/dark; PPFD of 250 lmol m
 2 s
 1.
A. thaliana seeds were sown in Petri dishes (9 cm diameter)
containing half-strength Murashige and Skoog medium
(Sigma, UK) supplemented with 1% (w/v) sucrose (Sigma,
UK) and 0.6% plant cell culture-tested agar (Sigma, UK).
Seeds were then stratiﬁed at 4  C for 3 d in the dark before
being placed in the controlled atmosphere room under the
conditions listed above. 10-d-old seedlings were then
planted into Arabaskets (BetaTech, Belgium) in a compost:
vermiculite (3:1 v/v) mix (Shamrock multipurpose compost,
Shamrock Horticulture, UK) and allowed to grow. Plants
were watered by ﬁne misting daily. Plant transformation
by the ﬂoral-dip method was carried out as described by
Logemann et al. (2006). Three-week-old transgenic plants
were placed in Magenta GA-7 containers with a microfuge
tube each containing 1 ml of ethanol (4% or 25%) or water
(0% ethanol). For expression analyses, youngest, fully-
expanded leaves were harvested at various times (0, 2, and
10 h) post-induction and snap frozen for subsequent RNA
extraction. For ﬂuorescence microscopy, the youngest,
fully expanded or developing leaves were examined under
the ﬂuorescence stereomicroscope or confocal laser scan-
ning microscope 10 h post-induction with 25% ethanol
vapour.
Engineering of expression cassettes and assembly into
the binary vector
The coding sequence of the AlcR transcription factor was
ampliﬁed from vector pBin-DalcR (Syngenta, UK) with the
following primers containing the HindIII (forward) and
SalI (reverse) endonuclease restriction sites for subsequent
insertion into the MCS of the pSAT2 vector by restriction
cloning (see Supplementary Fig. S1 at JXB online).
AlcR: forward primer: 5#-TTT AAG CTT ATG GCA
GAT ACG CGC CGA-3#; reverse primer: 5#-GGG GTC
GAC CTA CAA AAA GCT GTC AAC-3#
The alcA promoter fragment was ampliﬁed from vector
pUC-del-alcAN (Syngenta, UK) with the following primers
containing the AgeI (forward) and NcoI (reverse) endonu-
clease restriction sites for replacing the constitutively active
promoters in vectors, pSAT3, pSAT4, pSAT6, and pSAT7
(see Supplementary Fig. S1 at JXB online).
alcA: forward primer: 5#-GGG ACC GGT GGG ATA
GTT CCG ACC TAG GAT TGG-3#; reverse primer: 5#-
GGG CCA TGG GTC GTC CTC TCC AAA TGA AAT
GAA C-3#
The coding sequence of Citrine was ampliﬁed from vector
pRSET B citrine (kindly provided by Professor Roger
Tsien, University of California, San Diego, USA) with the
following primers containing the ApaI (forward) and
BamHI (reverse) endonuclease restriction sites for sub-
sequent insertion into the MCS of pSAT3 by restriction
cloning (see Supplementary Fig. S1 at JXB online).
Citrine: forward primer: 5#-TTT GGG CCC ATG GTG
AGC AAG GGC GAG-3#; reverse primer: 5#-TTT GGA
TCC CTT GTA CAG CTC GTC CAT-3#
The coding sequence of DsRed2 was ampliﬁed from
vector pGDR (Goodin et al., 2002) (kindly provided by Dr
Michael Goodin, University of Kentucky, USA) with the
following primers containing the ApaI (forward) and
BamHI (reverse) endonuclease restriction sites for sub-
sequent insertion into the MCS of pSAT4 by restriction
cloning (see Supplementary Fig. S1 at JXB online).
DsRed2: forward primer: 5#-AAA GGG CCC ATG GCC
TCC TCC GAG AAC GT-3#; reverse primer: 5#-TTT
GGA TCC CAG GAA CAG GTG GTG GCG-3#
The individual expression cassettes were subcloned into
the binary vector, pPZP-RCS2 using homing endonucleases
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strain GV3101 (GV3101 carries a disarmed Ti plasmid that
possesses the vir genes needed for T-DNA transfer, but has
no functional T-DNA region of its own).
All sequences assembled into the individual vectors were
sent to Euroﬁns Biotech (Germany) for sequencing and
sequence veriﬁcation.
Fluorescence microscopy
Fluorescence stereomicroscopy was carried out using an
Olympus SZX16 Zoom Stereomicroscope equipped with
a2 3 Plan Apochromat objective coupled with a DP71
digital colour CCD camera. Citrine was visualized with
a blue excitation long pass ﬁlter (BP460-495) and a barrier
Fig. 1. Schematic representation of the strategy for the development of an inducible, modular system for targeted and robust gene
expression in stomatal guard cells and ﬂuorescence stereomicroscopy for detecting the expression of the Citrine and DsRed2
ﬂuorescent proteins in stomatal guard cells. (a) Salient features of the inducible, modular vector system for targeted and robust gene
expression in stomatal guard cells. The modular nature of the pSAT vectors allows the assembly of multiple gene expression cassettes
within a single binary vector (pPZP-RCS2) using homing endonucleases (AscI, I-PpoI, I-SceI, I-CeuI, PI-PspI, and PI-TliI). (b–e)
Bioimaging of ethanol-inducible expression (10 h post-induction with 25% ethanol vapour) of Citrine and DsRed2 using ﬂuorescence
stereomicroscopy. (b) Expression of Citrine (green) and (c) DsRed2 (red) ﬂuorescent proteins only in stomatal guard cells. (d)
Autoﬂuorescence from cell walls showing the presence of trichomes on the surface of the same leaf and (e) bright ﬁeld image of the leaf.
Representative scale bar (200 lm) is shown in (e).
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with a narrow green excitation ﬁlter (BP530-550) and
a barrier ﬁlter BA575IF (Olympus, UK). Confocal micros-
copy was carried out with a Leica TCS-SL laser scanning
microscope (Leica Microsystems, Germany). Citrine and
DsRed2 ﬂuorescent proteins were imaged using an excita-
tion wavelength of 514 nm and 563 nm, respectively.
Stomatal bioassay
Four–ﬁve-week-old Arabidopsis plants were pre-exposed
to 25% ethanol vapour overnight. The youngest, fully-
expanded leaves were harvested at the end of the night period
and expression of the Citrine and DsRed2 ﬂuorescent re-
porter proteins were determined using an epiﬂuorescence
microscope. Inhibition of stomatal opening and promotion of
stomatal closure bioassays were conducted to determine the
effects of ethanol vapour treatment and ﬂuorescent reporter
protein expression on stomatal function. Peels from lower
epidermes which had been exposed to ethanol vapour or
water vapour were incubated in Petri dishes containing 10 ml
of opening buffer (50 mM KCl, 10 mM MES-KOH, pH 6.15)
at 22  C. For inhibition of stomatal opening, epidermal peels
were incubated for 2 h in the dark to ensure that stomatal
apertures are closed. Initial stomatal apertures (closed) were
determined by measuring after the 2 h dark incubation. The
epidermal peels were then transferred to fresh opening buffer
containing ABA (0, 1, 10, 50 lM) at 22  C under illumination
at 200 lmol m
 2 s
 1 for 3 h. Pictures of stomata were
acquired at 403 magniﬁcation for each treatment and
analysed with ImageJ to determine the stomatal apertures.
For the promotion of stomatal closure, epidermal peels were
placed in Petri dishes containing 10 ml of opening buffer at
22  C for 2 h under illumination at 200 lmol m
 2 s
 1.
Epidermal peels were then incubated for a further 3 h in the
presence of ABA (0, 1, 10, 50 lM). Pictures were taken and
stomatal apertures were measured as described for the
inhibition of stomatal opening experiments.
Fig. 2. Confocal laser scanning microscopy of isolated epidermes from fully-expanded leaves of transgenic Arabidopsis thaliana plants
harbouring the ethanol-inducible construct shown in Fig. 1a and semi-quantitative RT-PCR analysis of the kinetics of expression
induction by ethanol. (a) Confocal scanning micrographs were acquired 10 h post-induction with 25% ethanol vapour. Exposure to
ethanol vapour induced the expression of Citrine (yellow) and DsRed2 (red) only in stomatal guard cells. Images are representative of leaf
epidermes from three independent experiments. Scale bars¼20 lm. (b) No expression of Citrine or DsRed2 was observed in the
absence of ethanol vapour. Images are representative of leaf epidermes from three independent experiments. Scale bars¼20 lm. (c)
Steady-state levels of reporter gene transcripts (Citrine and DsRed2) at 0, 2, and 10 h post-induction with 4% or 25% ethanol vapour.
Plants exposed to water (0% ethanol vapour) were used as negative controls. The results are shown as reversed gel images (dark bands
on white background) and are representative of 2–3 independent experiments.
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The youngest fully-expanded leaves of 3-week-old plants were
harvested at 0, 2, and 10 h post-induction with ethanol vapour
(4% or 25%) or water vapour (0% ethanol) and snap frozen in
liquid nitrogen. Total RNA was isolated using the Qiagen
RNeasy kit (Qiagen, UK) according to the manufacturer’s
instructions. The quality and quantity of the total RNA was
determined using a NanoDrop 1000 spectrophotometer
(Thermo Scientiﬁc, UK). 950 ng of total RNA was treated
with 1 U of DNaseI (Invitrogen, UK) before being used for
cDNA synthesis using 200 U of M-MLV Reverse Transcrip-
tase (Invitrogen, UK). The resultant cDNA was used for PCR
ampliﬁcation using 0.5 U of Go-Taq  DNA polymerase
(Promega, UK). The sequences of the primers used for
ampliﬁcation of EF1a, Citrine,a n dDsRed2 are listed below.
EF1a: forward primer: 5#-ATG CCC CAG GAC ATC
GTG ATT TCA t-3#; reverse primer: 5#-TTG GCG GCA
CCC TTA GCT GGA TCA-3#
Citrine: forward primer: 5#-ATG GTG AGC AAG GGC
GAG GA-3#; reverse primer: 5#-CTT GTA CAG CTC
GTC CAT GCC G-3#
DsRed2: forward primer: 5#-ATG GCC TCC TCC GAG
AAC GT-3#; reverse primer: 5#-CAG GAA CAG GTG
GTG GCG-3#
Results and discussion
The strategy for developing the system to achieve spatio-
temporal control of gene expression in stomatal guard cells
is illustrated in Fig. 1a. As proof-of-concept, the constitu-
tively active promoters were replaced in the modular
satellite vectors (pSATn) (Chung et al., 2005; Tzﬁra et al.,
2005) with either the guard cell-speciﬁc, gcPEPC promoter
(Kopka et al., 1997) or the alcA promoter of the ethanol
gene switch (Caddick et al., 1998). The rationale for using
the gcPEPC promoter is because it is guard cell-speciﬁc
(von Groll and Altmann, 2001), and it has been used
successfully to knockdown expression of phospholipase C
(PLC) in stomatal guard cells (Hunt et al., 2003). Because
the alcA promoter is speciﬁcally activated by the AlcR
transcription factor in the presence of ethanol (Caddick
et al., 1998), the AlcR gene was cloned downstream of the
gcPEPC promoter so that AlcR expression is spatially
restricted to stomatal guard cells. In addition, the reporter
genes for Citrine ﬂuorescent protein (Citrine) and Disco-
soma sp. Red ﬂuorescent protein 2 (DsRed2) was cloned
downstream of the alcA promoter in two separate pSAT
vectors (Fig. 1a). The pSAT expression cassettes were then
subcloned, as discrete modules, into the binary plasmid,
pPZP-RCS2 using homing endonucleases (Fig. 1a). The
completed binary plasmid was then transformed into Agro-
bacterium tumefaciens and transgenic Arabidopsis thaliana
plants were engineered following ﬂoral-dip transformation
(Logemann et al., 2006) and stable transformants were
selected on the basis of resistance to the antibiotic,
kanamycin.
To test the effectiveness of the system that has been
developed, stable transformants harbouring the construct
shown in Fig. 1a were exposed to ethanol vapour. Stable
transformants were exposed to water vapour as a negative
control. The expression of the Citrine and DsRed2 ﬂuores-
cent proteins in stomatal guard cells was visualised using
ﬂuorescence stereomicroscopy (Fig. 1b–e) and confocal
laser scanning microscopy (Fig. 2a, b). It was demonstrated
conclusively that expression of Citrine and DsRed2 was
induced only in stomatal guard cells following exposure to
ethanol vapour (Figs 1b, c, 2a) and that these two
ﬂuorescent proteins were not expressed in the absence of
ethanol (Fig. 2b). Importantly, the expression of the
ﬂuorescent reporter proteins was not observed in any other
cell types (data not shown). Semi-quantitative RT-PCR was
used to demonstrate detectable levels of Citrine and DsRed2
transcripts as early as 2 h after exposure to 4% ethanol
vapour (Fig. 2c). Interestingly, similar steady-state levels of
transcripts were observed when expression levels were
examined following induction with 4% or 25% ethanol
vapour, indicating that the system that had been developed
Fig. 3. Effects of ethanol exposure on stomatal function. (a)
Effects of exposure to 25% ethanol vapour on (a) promotion of
stomatal closure and (b) inhibition of stomatal opening by ABA
(1, 10, and 50 lM). Values are means 6SE of 90–200 stomata.
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reporting the utilization, in Arabidopsis, of ethanol vapour
as the inducer of the ethanol-inducible gene expression
system used concentrations of ethanol >95% (Roslan et al.,
2001; Laufs et al., 2003; Maizel and Weigel, 2004). It is
shown here that a much lower concentration (4%) of
ethanol vapour is sufﬁcient to induce robust expression of
the reporter genes in stomatal guard cells. It is also shown
that ethanol exposure and the subsequent expression of
Citrine and DsRed2 ﬂuorescent reporter proteins did not
affect the ability of ABA (1, 10, and 50 lM) to promote
stomatal closure (Fig. 3a) or inhibit light-induced stomatal
opening (Fig. 3b). Our data clearly demonstrated that the
ethanol-inducible system for the control of gene expression is
non-toxic, highly sensitive, and robust in stomatal guard cells.
Interestingly, it was also observed that expression of the
Citrine and DsRed2 ﬂuorescent proteins was not restricted
only to mature guard cells 10 h post-induction by 25% ethanol
vapour (Fig. 4a–p). It was possible to visualize Citrine and
DsRed2 ﬂuorescent proteins in cells of the stomatal lineage:
meristemoids (Fig. 4a–c), guard mother cells (Fig. 4d–f),
dividing guard mother cells (Fig. 4h–j), young guard cells
(Fig. 4k–m), and mature guard cells (Fig. 4n–p).
The system described has the potential to be used for
engineering the functional responses of mature guard cells
as it was observed that expression of the reporter genes are
spatially restricted only to stomatal guard cells. In addition,
the system that has been developed here is highly sensitive
to the inducer (ethanol), as concentrations as low as 4%
ethanol supplied as a vapour is sufﬁcient to induce
expression of the reporter genes. The ability for the spatio-
temporal control of expression of multiple genes in stomatal
guard cells will be an important tool for dissecting the
complex signalling system utilized by stomatal guard cells to
sense and respond to changes in the prevailing environmen-
tal conditions.
Also, robust activity was observed of the system de-
veloped for spatio-temporal control of gene expression in
cells of the stomatal lineage. Stomatal development begins
with the asymmetric division of the meristemoid mother cell
to give rise to a triangular-shaped meristemoid cell. The
meristemoids will differentiate into the guard mother cell,
and the guard mother cell will divide symmetrically to give
rise to the pair of guard cells that ﬂank a single stoma
(Bergmann and Sack, 2007; Pillitteri and Torri, 2007;
Casson and Gray, 2008). We are beginning to understand
Fig. 4. Confocal laser scanning microscopy showing ethanol-inducible expression of Citrine and DsRed2 in all cell-types of the stomatal
lineage 10 h post-induction with 25% ethanol vapour. (a) Schematic representation of stomatal development. (b–d) Meristemoid (Me),
(e–g) guard mother cell (GMC), (h–j) dividing guard mother cell (Div. GMC), (k–m) developing guard cell, and (n–p) mature guard cell.
Images are representative of 50–60 cells. Scale bars¼5 lm.
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cell state transitions. For example, three closely related
basic-helix-loop-helix (bHLH) transcription factor genes,
SPEECHLESS (SPCH), MUTE, and FAMA have been
shown to be involved in controlling guard cell development.
These three bHLH transcription factors have been shown to
function sequentially to affect stomatal cell state transition.
SPCH regulates the transition from meristemoid mother
cells to meristemoid cells, MUTE regulates the transition
from meristemoid to guard mother cell, and FAMA
regulates the transition from guard mother cell to guard
cells (Bergmann and Sack, 2007; Pillitteri and Torri, 2007,
Casson and Gray, 2008). The spatio-temporal system that
has been developed for controlling expression of multiple
genes will be a particularly useful tool for manipulating the
expression of the trio of bHLH transcription factors
(SPCH, MUTE, and FAMA) and other factors like
SCREAM/ICE1 and SCREAM2 (Kanaoka et al., 2008) to
further our understanding of the molecular mechanisms
underpinning stomatal development.
In summary, the system developed here represents
a signiﬁcant advance to current methods for spatio-
temporal control of gene expression in plants. The system
described has the potential to be used for engineering the
functional responses of mature guard cells. In addition,
because of the robust activity of the system in cells of the
stomatal lineage, it can also be used in studies on de-
velopmental processes determining stomatal cell state tran-
sitions. Because of the modular nature of the vector system,
it can easily be adapted or modiﬁed for use in different cell
types through the use of cell-type speciﬁc promoters.
Supplementary data
Supplementary data are available at JXB online.
Supplementary Fig. S1. Schematic representation of the
structural features of the pSAT vectors showing the re-
striction endonuclease sites within the multipe cloning site
(MC) and the restricition endo nuclease sites (Age1a n d
Nco1) that can be used for promoter (Pro) substitution.
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